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Abstract

A method of enhancing fuel/air mixing using streamwise vorticity for scramjet ap-

plications is presented. The generation of large-scale streamwise vortices is achieved

by the incorporation of a lobed-mixer device into the fuel-injection struts of a pro-

posed NASA scramjet engine. Conceptually, the lobed-mixer strut design is a three-

dimensional lifting surface with a sinusoidal spanwise lift distribution. In the flow

passage between the strut leading- and trailing-edges, the presence of a spanwise

pressure gradient generates secondary flows. In the region behind the strut, which

is a lifting surface, the shed vorticity system consists of periodic large-scale counter-

rotating streamwise vortices. To evaluate this hypermixer concept, CFD calculations

were carried out at supersonic combustor inlet Mach numbers ranging from 2 to 3 for

cold flows.

This concept is first analyzed for a 3D cascade of struts in inviscid flows. Results

from this preliminary work reveal that significant secondary flows are generated in and

behind the strut regions, while the additional shock losses associated with the lobed

strut is small. Results confirm that the mechanism of generating streamwise vortic-

ity is an inviscid phenomenon; the shed vorticity (i.e. streamwise vorticity) behind

the strut is proportional to the pressure loading along the strut (Kutta-Joukowsky

theorem).

The next stage of this investigation considers the effects of viscosity on the gener-

ation of streamwise vorticity (or secondary flow). The geometry considered is a single

lobed strut with "slip" side walls. Here, the NASA Reynolds-Averaged Navier-Stokes

LARCK code (Langley Algorithm for Research in Chemical Kinetics) was used. Rel-

ative to the inviscid-flow results, in the absence of flow separation, viscous effects



introduce blockage into the flow passage, causing a small reduction in pressure load-

ing and hence a slight reduction in secondary flow. In the presence of flow separation,

the strut pressure loading can be significantly reduced, resulting in a large reduction

in secondary flow.

Next, the effect of Mach number on the strength of the streamwise vorticity is

investigated. For the configuration studied, the pressure loading along the strut

(hence the magnitude of secondary flow) was found to be a strong function of the

strength and angle of the leading-edge shocks, which depends on the inflow Mach

number.

Finally, preliminary experimental verification of this hypermixer concept was car-

ried out. Flow visualizations confirm the presence of strong large-scale streamwise

vortices downstream of the strut.
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Chapter 1

Introduction

The basic scramjet engine uses a series of fixed-geometry rectangular scramjet mod-

ules that are mounted side-by-side and are integrated with the airframe [21]. The

integration of the vehicle and the propulsion system takes advantage of forebody

compression to reduce inlet size, and aftbody expansion to provide a low-drag, high-

area-ratio exhaust nozzle. Figure 1.1 shows the scramjet concept studied at NASA

Langley. In this design, after the incoming airstream is precompressed by the fore-

body, the inlet of the engine module further compresses the incoming flow with swept

wedge-shaped side walls. Finally, the engine compression process is completed by

wedge-shaped struts that also provide locations for injection of gaseous fuel. Along

the aft portion of these struts (typically at midchord and at the trailing edge), gaseous

fuel is injected normally and/or tangentially into the airstream, depending on the

flight speed. The fuel and air mix and react in the combustor portion of the module,

and the reacted mixture is then expanded through the nozzle.

Since the development of this basic NASA engine design, a number of modified

designs have been developed that retain the basic features of the original design.

For the inlet portion of the scramjet engine, new developments include two-strut

inlets [11], reverse sweep inlets [12], and translating strut inlets [18]. In the combustor

portion of the scramjet engine, normal and tangential fuel ports are strategically

employed and placed along the walls and struts to maximize fuel/air mixing for the

combustion process, and minimize shock losses and high local heating [5, 14].
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Figure 1.1: NASA scramjet engine concept.

In the typical flight envelope of a hypersonic vehicle, various combustor fuel in-

jection systems have been investigated for different speed ranges and flow conditions.

In the low Mach number flight regime, fuel can be injected normal to the airstream

to maximize fuel penetration into the airstream. As the vehicle transitions to high

Mach number, the fuel ports are changed from normal injection to parallel injection.

The latter strategy is employed to reduce the large shock losses associated with the

detached normal shock wave upstream of the normal fuel jet, and to utilize the fuel

axial momentum flux to generate thrust.

The flow physics associated with parallel fuel injection can be studied by the

2D mixing layer model. In a subsonic mixing layer, the growth rate of a mixing

layer is controlled by the large-scale organized vortical structures that are initiated

by the Kelvin-Helmholtz instability [2]. These large-scale coherent structures are

responsible for the bulk mixing (or momentum transport), while small-scale mixing is

related to the presence of fine-scale turbulence in the mixing layer. As the convective

Mach number increases it has been observed that the mixing layer becomes stable,
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and the large-scale structures become nearly indiscernible. As a result, the growth

rate of the mixing layer is dramatically reduced [15]. The effect of this decreased

mixing rate at high Mach numbers is compounded by the extremely short scramjet

combustor-residence time. To counteract these detrimental effects, both active and

passive flow-control techniques have been proposed to enhance the mixing rate in

supersonic mixing layers [7, 10]. Typical techniques that provide augmentation of

large-scale and molecular mixing include dynamic fuel injection, proper imposition

of pressure difference across the mixing layer, shock/mixing-layer interactions, shock

oscillations, and streamwise vorticity injection.

In this work, we propose a technique of enhancing mixing via streamwise vorticity

generation by a lobed mixer strut. The hypermixer fuel-injection strut presented

here can be incorporated into the basic NASA Langley scramjet engine concept.

Figure 1.1 illustrates the baseline strut design and the new lobed-mixer strut design

investigated in this study. The baseline design can be modeled as a straight strut,

which are wedge-shaped cross sections in the z-direction. The forward half of the

diamond-shaped strut constitutes the last compression stage in the engine, while fuel

is injected over the aft half of the strut.

In the new lobed-mixer strut, the forward portion of the strut is the same as in

the baseline configuration, and the aft portion of the lobed-mixer strut is constructed

using a "lobed" surface. The lobed-mixer strut is constructed from a prescribed

camber surface and thickness distribution. The camber surface of the lobed-mixer

strut can be characterized by (1) a chordwise (x-direction) camber variation, and (2)

a spanwise (z-direction) camber-angle variation at the trailing edge. The chordwise

camber variation is generated from a prescribed linear variation in camber angle, while

the trailing-edge camber-angle variation is controlled using a sinusoidal function. The

lobed-mixer geometry is generated using the following camber-angle distribution:

f 0
z) =

[

O<x< L

<x< 1

where H is the height of the strut. In the above expression,/30 is the maximum camber
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angle at the trailing edge and is used to control the lobe height. The parameter ,k is

used to control the number of lobes (or the lobe wavelength), while the parameter _ is

used to control the shape of the trailing edge. Finally, the strut thickness distribution

is taken to be that of a wedge with a maximum thickness-to-chord ratio of 9.6%

(corresponding to a half-wedge angle of 5.5°).

The proposed fuel-injection strut promotes rapid fuel/air mixing via a lobed-

mixer device [19] which injects an array of large-scale streamwise vortices into the

flowfield. The new strut design is derived from the forced-mixer nozzle technology

used in conventional turbofan engines [19]. It has been experimentally verified that

these lobed nozzles efficiently mix the hot stream leaving the core engine and the cold

stream leaving the fan [16, 20]. At the present time lobed-mixer devices have been

used successfully in operational aircraft engines. The goal of this study is to perform

a preliminary evaluation of the mixing enhancement ability and the resulting drag

penalty of the lobed-mixer strut for a variety of configurations in cold (non-reacting)

flows.

A promising engine in which the lobed-mixer concept can also be incorporated

into is the Aerojet Strutjet Engine shown in figure 1.2 [3]. The Strutjet inlet is

based on the NASA Langley sidewall compression inlet (see top section of figure 1.1),

and the struts are integrated into the inlet section such that each flow passage be-

tween two struts behaves like the original Langley engine with sidewall compression.

The strutjet design provides the optimum combination between rocket and airbreath-

ing propulsion for maximizing vehicle performance and minimizing vehicle operating

costs. Essentially five operating modes are available in the strutjet engine:

• Mode 1. As a ducted rocket from launch to Mach 2.5.

• Mode 2. As a ramjet from flight Mach number 2.5 to 5.

• Mode 3. As a scramjet from Mach 5 to 8.

• Mode 4. As a dual mode scram/rocket during flight in the outer regions of the

atmosphere above Mach 8.
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Figure 1.2: Strutjet - The integration of a rocket into a ramjet combining the benefits

of both (Ref. 3).

• Mode 5. As a conventional rocket outside the atmosphere.

In the airbreathing operational mode, the struts also serve as locations for fuel

injectors. Figure 1.3 [3] displays the advantages of the strutjet over an strutless engine.

It shows that for a mixing gap ratio G/g of three, the length of the combustor can be

reduced by a factor of 3. Hence, the size and weight of the combustor can be greatly

reduced if the strutjet engine is used instead of the strutless engine. To give a rough

idea about the size of the combustor required for the strutjet, combustion efficiencies

of 95% have been experimentally demonstrated with hydrocarbon fuels at Mach 8

flight conditions at less than 50 inches downstream from the fuel injector location, and
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Figure 1.3: Comparison of Strutjet and Strutless engines (Ref. 3).

about 90% at 30 inches from the injection location. Besides of serving as primary fuel

injector locations the Aerojet engine struts are also key elements providing multiple

operational functions such as compression of incoming air, inlet/combustor isolation

and rocket thruster integration.



Chapter 2

Cascade Strut - Proof of Concept

In this section computations have been performed to test the hypothesis that the

lobed-mixer concept can be effectively applied to a hypersonic scramjet engine. In

this initial study, a three-dimensional cascade of struts has been used to model two

configurations: a cascade of baseline struts and a cascade of lobed-mixer struts. The

aspect ratio (H/c = 0.5), maximum thickness-to-chord ratio (tm_/c=O.096), and

spacing-to-chord ratio (s/c=0.24) are representative of the NASA Langley engine

configuration [11]. The lobed-mixer geometry is generated using Eq. (1) with the

following parameters: /30=12 °, )_=2, and cr=l. This lobed-mixer design has similar

overall geometrical dimensions as the UTRC Low Penetration Mixer (LPM) inves-

tigated at low speed (Moo = 0.1) [19]. The lobed-mixer studied here has a lobe

height-to-wavelength ratio of 0.25 and an equivalent ramp angle of 5.8 ° . However,

the chordwise camber distribution in the present design is different from the UTRC

LPM configuration. A design similar to the LPM configuration is studied here since

choking and shock losses associated with the presence of the lobes are issues of con-

cern in high Mach-number flows. Figure 2.4 illustrates the baseline and lobed-mixer

struts studied here.

As the essential physics of the lobed-mixer are captured by an inviscid-flow model [1,

6, 19], a three-dimensional Euler code developed for turbomachine flowfield calcula-

tions has been employed to evaluate these two designs. The Euler solver employs

the finite-volume Runge-Kutta time-stepping algorithm of Jameson et al. [8]. The
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standard second- and fourth-difference dissipations developed for transonic flows are

employed here. Consequently, the code employed here is not the code-of-choice for

this application. In the calculations presented in this paper, an H-mesh with 176 x

28 x 60 cells was used. The farfield station is placed at 50% chord downstream of the

strut's trailing edge (or 8 lobe heights). The incoming Math number is taken to be 3.

In the results presented here, all length scales are normalized by the strut axial chord

c, velocity scales are normalized by Rv/-R-_-_0_,and pressure scales are normalized by

P0_o. At the freestream Mach number of 3, the normalized freestream velocity is 2.1.

Conceptually, the lobed-mixer strut design is a three-dimensional lifting surface

with a sinusoidal spanwise distribution of loading (or circulation). In the flow passage

between the struts, the presence of a spanwise pressure gradient Op/Oz along the

strut generates secondary flows (Fig. 2.4). Figure 2.5 shows contour plots of the

z-component of velocity on the surfaces of the baseline and lobed-mixer struts. This

figure shows that the magnitude of the normalized secondary flow velocity is up to

0.2 (or 10% of the freestream velocity). This value compares very well with the

experimental results reported by Skebe et al. [19] for the LPM configuration, in spite

of the large difference in the inflow Math number.

Figures 2.4 and 2.5 clearly indicate that the baseline flowfield is highly two-

dimensional (Vz is negligible), while the lobed-mixer flow field is very three-dimensional

(Vz is substantial). If fuel were to be injected along the strut at the midchord location,

the large-scale secondary flow motions would sweep the fuel toward the airstream and

enhance mixing and combustion.

In the region behind the strut, the presence of the trailing vortex sheet (e.g.

streamwise vorticity) in the lobed-mixer configuration will further enhance the mix-

ing of fuel and air. Figure 2.6 shows the secondary flow velocity vectors at three

axial stations in the downstream region behind the lobed-mixer strut (104%, 122%

and 150% chord from the leading edge). This figure clearly shows the presence of

large-scale counter-rotating streamwise vortices in the downstream region. Tile fig-

ure indicates that the secondary-flow velocity is concentrated at the inviscid wake
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near the trailing edge and diffuses through the flow domain with downstream dis-

tance. The diffusion of the secondary-flow velocity is primarily due to the presence

of artificial viscosity in the present algorithm.

Figure 2.7 illustrates the locations of the wake (or trailing-vortex sheet) at these

three axial locations for the lobed-mixer design. Again, the presence of artificial

viscosity and the quality of the mesh have resulted in the spreading of the inviscid

wake with downstream distance. However, this figure does indicate that there are

significant movements of the wake toward the middle of the flow passage and a large

increase in interfacial area between the streams. This figure implies that if fuel is

injected at the trailing edge of the strut, it will have significantly penetrated into the

flow passage by one-half chord-length downstream of the strut.

In the design of hypermixer configurations, it is important to recognize that mix-

ing enhancement will lead to a drag penalty, and a balance between these must be

achieved. The objective is to design a lobed-mixer strut geometry that causes the fuel

to penetrate the air stream in the shortest distance possible while minimizing the loss

in stream thrust. The use of the lobed-mixer strut for enhanced fuel/air mixing can

result in an increase in losses relative to the baseline strut because the secondary-flow

kinetic energy does not contribute to thrust, and additional shock waves can appear

in the flow passage. Figure 2.8 illustrates a comparison of the flowfields on a constant

z-plane between the baseline and lobed-mixer struts. Here, the midspan z-plane is

chosen where the lobed-mixer strut has the highest camber. As expected, the flow-

field in the forward half of the two struts are identical. In the rear half of the struts,

we observe that the two flowfields are not significantly different. In particular, the

compression and expansions processes along the lobed-mixer surfaces appear to be

isentropic. This can be seen from the plot of the Math number distributions along

the strut surfaces shown in Fig. 2.9. The difference in the shock loss between the two

designs is in the strength of the trailing-edge shock system.

Figure 2.10 illustrates the entropy contours on the same spanwise plane. These

contour plots reveal the entropy rise across the leading-edge shock, the imping-

ing/reflected shock along the strut surfaces at the midchord location, and the trailing
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edge shock system. The figure reveals that the overall level of entropy rise between the

two designs are roughly the same, indicating that additional shock losses generated

in the lobed-mixer design are not significant.

In order to quantify the mixing "goodness" and the drag penalty associated with

the proposed lobed-mixer design, several global parameters are defined to aid this

evaluation task. The parameters used to quantify mixing goodness are [9]:

(1) Momentum-averaged spanwise velocity Vz evaluated on a constant axial plane

(normalized to Rv/-R-_0_ )

_Zz(x) = f f lV_](pV_dydz) (2.1)
ff(pV_dydz)

This quantity is used to measure the intensity of 3D effects in the flowfield.

(2) Momentum-averaged crossflow velocity _z evaluated on a constant axial plane

(normalized to Rv/-R--TZ0_)

f f Y2(pV2d dz)
Vyz(x) - f f(pV_dydz) (2.2)

This quantity is a good measure of the secondary-flow velocity magnitude in the

downstream region.

(3) Secondary-flow circulation Fsec evaluated on a constant axial plane (normalized

to cRf -oZ0 )

F_ec(x) - f j la_]dydz (2.3)

In the strut region, the integration path encloses the flow passage. In the downstream

region, the integration path includes the vortex sheet. The secondary-flow circulation

Fs_c represents the total flux of axial vorticity (absolute value) through a constant

axial plane.

(4) Maximum strut sectional circulation F_tr_t (normalized to c Rv/-R--_0_)

(2.4)
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Here, the integration path is taken on the xy plane enclosing the strut and chosen at

the spanwise location where the magnitude of the circulation is largest (Fig. 2.11). For

a lobed-mixer strut of infinite length in the spanwise direction (i.e. in the absence

of the upper and lower boundaries), one can model the lobed-mixer strut and the

wake as periodic bound- and shed-vortex systems (Fig. 2.11). If there is no vorticity-

generation mechanism in the flowfield and no vortex merging in the downstream

region, it is readily verified that, behind the strut trailing edge, Fsec is constant and

takes on the value

Fs_c = 4)_Fst,-_,t (2.5)

To promote rapid mixing, the above parameters should be maximized.

The parameters used to quantify the drag penalty are:

(1) Stream thrust loss ratio D

D = f f°utlet(PV=2 + p)dydz - f fi,_,_t(pV= 2 + p)dydz
f fi,_t_t(pVx 2 + p)dydz

(2.6)

(2) Momentum-averaged stagnation pressure loss AP0 evaluated on a constant

axial plane

APo(x) =- 1 - f f(Po/Pooo)(pV_dydz) (2.7)
f f(pV_dydz)

(3) Static pressure distortion indicator Pdist at the outflow boundary

\ Pmin / outlet

To keep the loss low, the parameters D and AP0 should be minimized. The static

pressure distortion indicator pdist should be kept near unity so that the flow leaving

the combustor is uniform.

Figures 2.12 and 2.13 show the axial distributions of the momentum-averaged

spanwise velocity Vz and crossflow velocity f/vz, respectively, for the baseline and

lobed-mixer struts. From the leading edge to the 60% chord location, the baseline
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and lobed-mixer struts have the same ITvz distribution and no momentum-averaged

spanwise velocity. In this region, the two flowfields are nearly two-dimensional, and

the crossflow velocity is composed primarily of the transverse or y-component velocity

acquired by the flow as it crosses the oblique shock system. Hence, it is not the

secondary flow that can assist mixing.

As the flow proceeds downstream from the 60% chord location, the axial distri-

butions of I7_ and 17yz between the baseline and lobed-mixer struts start to deviate.

Figure 2.12 shows that the spanwise velocity is zero in the case of the baseline configu-

ration, indicating that the flow is two-dimensional. On the other hand, the spanwise

velocity is significant for the lobed-mixer configuration, indicating that the flow is

three-dimensional. Figure 2.13 shows that the crossflow velocity is reduced signifi-

cantly in the baseline configuration, while its amplitude is on the order of 0.18 (or

10% of the freestream velocity) in the lobed-mixer configuration. The difference in

crossflow velocity between the baseline and lobed-mixer curves represents secondary

flows that can be used to promote rapid mixing.

Figure 2.14 shows the axial distributions of the secondary-flow circulation Fsec for

the baseline and lobed-mixer struts in the flow passage and in the downstream region.

The figure shows that the baseline configuration has zero axial vorticity, as expected.

On the other hand, the lobed-mixer strut generates some axial vorticity in the flow

passage, and the sudden jump in Fsec at the trailing edge represents the contribution

of circulation from the trailing vortex sheet.

The magnitude of Fs_ in the strut region is small and is on the order of 10% of

the value in the downstream region. The generation of axial vorticity in the strut

region is not in violation with Kelvin's theorem for inviscid flows. Here, although the

incoming flow is irrotational, the flow in the strut region is rotational. The generation

of entropy gradient behind the oblique shock structure in the forward portion of the

strut produces some spanwise vorticity f_ (Fig. 2.10), and the presence of a three-

dimensional velocity field can tilt/distort these spanwise vortex lines and introduces

axial vorticity. Since the present numerical algorithm contains artificial viscosity, the

entropy gradient produced in the flowfield is not entirely due to the shock waves.
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In the downstream region, Fig. 2.14 indicates that the magnitude of the secondary-

flow circulation is on the order of 0.41. In the work reported by Skebe et al. [19],

it was shown that the secondary-flow circulation can be approximated as, for a half-

wavelength lobe,

r = C, aU_tan(_) (2.9)

In the above relation, a is the lobe height, and e is the lobe ramp angle. The theoretical

value for the constant Ca is 2.5, while the experimental value for the UTRC LPM

configuration is 3.3 [19]. Since the value for Fsec in Fig. 2.14 is for two full lobes, Eq.

(10) can be expressed as

F8_c/4 a Uo_ (2.10)
c_ C'c Rv/-R-_o_tan(_°)

In the above expression, the strut trailing edge angle/30 was used as the lobe ramp

angle. In the present problem, the ratio (a/c) is 0.052, and the non-dimensional

freestream velocity U_o/Rv_T-_o_ is 2.1. Using the value 0.41 for F_ec taken from

Fig. 2.14, it is found that C1 is 4.4, which is higher than the the results of Skebe et

al. [19]. Finally, the calculated value for the maximum strut sectional circulation F_tr_,

is 0.048. This gives = 0.94, which is very close to the theoretical

value of 1 given in Eq. (6). The difference between these two values represents

vorticity generation in the flowfield due to the presence of shock waves and numerical

dissipation.

Figure 2.15 shows the axial distribution of the momentum-averaged stagnation

pressure loss AP0 for the baseline and lobed-mixer struts. This figure reveals that

the magnitudes of the stagnation pressure loss associated with the shock structures

in the strut region between the two designs are nearly the same and are on the order

of 2.8%. In the downstream region, the rise in stagnation pressure loss is higher for

the lobed-mixer strut than the baseline strut, by about an additional 1%. The rise

in stagnation pressure loss in the downstream region is due to the presence of (1) the

trailing-edge shock (Fig. 2.9), and (2) numerical diffusion of the trailing vortex sheet
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(like a mixing loss). Finally, calculation of the stream thrust loss D yields a value of

-0.31% for the baseline design and -0.77% for the lobed-mixer design. This represents

a relatively small drag penalty for the gain in secondary flows.

2.1 Parametric Study

The preliminary results presented in the previous section are very encouraging; they

indicate that the proposed lobed-mixer design generates significant secondary flows

for enhanced fuel/air mixing while the increase in stream thrust loss is small. In this

section, a parametric study is carried out as a function of the lobed-mixer geometrical

parameters (/3o,A,cr).

2.1.1 Influence of lobe height (varying/30)

Here the performance comparison between the baseline design and three lobed-mixer

struts is presented, having values for/30 as 6 °, 12 °, and 18 °. The case with a low value

for/3o corresponds to a low penetration lobed-mixer (a/c=0.026), while the case with

a large values of/3o corresponds to a higher penetration lobed-mixer (a/c=0.076). The

parameters ,_ is set to 2, while the parameter cr is set to 1. This geometry corresponds

to a two-lobe strut with a smoothly varying sinusoidal trailing edge shape.

Figures 2.16 and 2.17 illustrate the secondary velocity vectors and the location

of the wake at the outflow axial stations, respectively. As expected, the secondary

flowfield is a strong function of/3o. The strut with the highest value of/30 has the

highest secondary-flow magnitude and the highest level of wake distortion relative to

the trailing edge shape.

Table 1 summarizes the performance parameters obtained from the numerical re-

sults. This table shows that the parameters (_z,I's_c,['_,,t) measuring mixing good-

ness and the parameters (D, APo ) measuring drag penalty are strong functions of

/3o. We note that the values of C1 in Eq. (11) decreases with fl0 (or lobe height),

which is consistent with the experimental results of Skebe et al. [19]. The numerical
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results of F_ and Fstr_,t agree well with the theoretical relation given in Eq. (6).

In terms of drag penalty, the stream thrust loss in the baseline design is 0.31%,

while the stream thrust loss in the lobed-mixer struts studied here ranges from 0.43%

to 1.3%. Finally, the static pressure distortion indicator (pdi_t) is of the same order

of magnitude in the three lobed-mixer struts and is roughly 25% higher than the

baseline strut.

2.1.2 Influence of number of lobes (varying)_)

Here the performance comparison between the baseline design and three lobed-mixer

struts is presented, having values for ,_ as 1, 2, and 3. The parameters/3 is set to

12 °, while the parameter a is set to 1. This geometry corresponds to a 12°-camber

strut with a smoothly varying sinusoidal trailing edge, and the number of lobes is

proportional to A.

Figures 2.18 and 2.19 illustrate the secondary velocity vectors and the location of

the wake at the outflow axial stations, respectively. It is observed that the magni-

tude of the secondary-flow velocity and the degree of wake distortion decreases with

increasing value of A. This is seen from the magnitude of _z and r_t,._t given in

Table 2. On the other hand, Table 2 shows that P**c increases with increasing value

of _. This is due to the fact that, eventhough the _=1 strut has the highest sectional

circulation, the number of counter-rotating streamwise vorticity pairs is proportional

to ,_ (or the number of lobes). It is noticed that the values of 6'1 in Eq. (11) increases

with ,_, which cannot be prediced by the theoretical result given in Eq. (11). Again,

the numerical results of F,,_ and ['st,.,,t agree well with the theoretical relation given

in Eq. (6). In terms of mixing goodness, Fig. 2.19 indicates that the single-lobe strut

pushes the fuel farther into the main flow than the multiple-lobe mixer strut. How-

ever, the multiple-lobe mixer spreads the fuel out more evenly than the single-lobe

mixer.

In Table 2, the parameters measuring drag penalty shows that the magnitude of

the stagnation pressure loss AP0 for the three lobed-mixer design increases slightly
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with A. It is on the order of 4.1% to 4.5%, compared to the baseline value of 3.3%.

On the other hand, the stream thrust loss parameter D decreases with increasing A.

This is consistent with the numerical values for _z and the secondary-flow velocity

vectors shown in Fig. 2.18, which show that the magnitude of the secondary flow

motion is largest for the )_=1 case. The high value of stream thrust loss in the A=I

case is partially due to the fact that the kinetic energy in the secondary flow motion

is not useful since it does not contribute to thrust.

2.1.3 Influence of lobe geometry (varying a)

Here the performance comparison between the baseline design and three lobed-mixer

struts is presented, having values for a as 1.0, 0.6 and 0.4. The parameters /30 is

set to 12°, while the parameter _ is set to 2. This design corresponds to a two-lobe

strut with a 12 ° camber angle and different lobe geometry at the trailing edge. The

o=1 case corresponds to a sinusoidal lobe shape, while decreasing the value of _r

to near zero yields the lobe geometry similar to the UTRC Advanced Mixer (AdM)

design [19].

Figures 2.20 and 2.21 illustrate the secondary velocity vectors and the location of

the wake at the outflow axial stations, respectively. It is observed that the magnitude

of the secondary-flow velocity and the degree of wake distortion are very similar

for these three cases. We note that as _r decreases, the distortion of the currently

employed sheared H-mesh is excessive, resulting in the spurious spreading of the

wake in the grid-distorted regions.

Table 3 summarizes the performance parameters. These values indicate that the

parameters measuring mixing goodness are on the same order of magnitude, while

the parameters measuring drag penalty increases with decreasing values of 0. It is

noticed that for the 0=0.4, the numerical results of F_,_t and F,_c deviate from the

theoretical relation given in Eq. (6), indicating that spurious vorticity (or entropy

gradient) was generated. Consequently, these results are not conclusive due to the

contamination of artificial viscosity.
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baseline /3o=60 /3o=120 /3o=180

Vyz 0.026 0.088 0.182 0.265

Fs_c 0.000 0.193 0.409 0.632

C1 8.8 4.4 3.0

0.000 0.940 0.941 0.964
F .1 _. ¢.

D -0.309 -0.429 -0.768 -1.29

APo 3.31 3.72 4.44 5.70

1.15 1.35 1.49 1.48Pdist

Table 2.1: Performance parameter results as a function of/30 for cr =1 and A =2 (APo

and D in %)

baseline

Vyz 0.026

l-'sec 0.000

Ca

0.000

D -0.309

APo 3.31

Pdist 1.15

)_=1

0.244

0.322

3.9

0.903

-1.04

4.06

1.58

A=2 A=3

0.182 0.137

0.409 0.475

4.4 5.7

0.941 0.957

-0.768 -0.624

4.44 4.50

1.49 1.40

Table 2.2: Performance parameter results as a function of A for cr = 1 and/30 = 12 0

(APo and D in %)
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baseline o'=1 o=0.6 a=0.4

Vyz 0.026 0.182 0.188 0.183

Fs_c 0.000 0.409 0.416 0.409

4AFst,-ut/Fs_c 0.000 0.941 0.982 0.818

D -0.309 -0.768 -0.870 -0.970

APo 3.31 4.44 5.40 6.69

1.15 1.49 1.43 1.36gdist

Table 2.3: Performance parameter results as a function of cr for ,k = 2 and/30 = 12

(APo and D in %)
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Figure 2.4: Comparison of pressure gradient along the strut.
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Figure 2.5: Spanwise velocity along strut surface.
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Figure 2.6: Secondary flow velocity vectors.
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Figure 2.7: Spatial evolution of wake.
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Figure 2.8: Mach number contour at midspan plane.
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Figure 2.9: Mach number distribution along strut surface at midspan.
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Figure 2.10: Entropy contour at midspan plane.

Figure 2.11: Bound and trailing vortex systems representing the lobed-mixer fuel

injection strut and its wake.
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Figure 2.13: Momentum-averaged crossflow velocity.
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Figure 2.15: Momentum-averaged stagnation pressure loss.
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Figure 2.16: Secondary flow velocity vectors - varying/30.
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Figure 2.17: Wake distortion -/30.
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Figure 2.18: Secondary flow velocity vectors - varying ,k

Figure 2.19: Wake distortion - varying ,_.
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Figure 2.20: Secondary flow velocity vectors - varying _r

Figure 2.21: Wake distortion - varying cr.



Chapter 3

Single Strut with Walls

The next phase of this investigation is to assess the importance of viscous effects.

The NASA Langley LARCK code has been used to perform this investigation. The

geometrical configuration studied is a single strut with inviscid side walls. The pe-

riodicity condition is imposed in the spanwise direction so that only 1/2-wavelength

lobe needs to be considered.

The Langley Algorithm for Research in Chemical Kinetics (LARCK) Code

The LARCK code is a general purpose Reynolds-Averaged Navier-Stokes solver for

reacting flows. In this code, the convective terms in the Navier-Stokes equations

are discretized using upwind or central-differenced methods, while the viscous terms

are central differenced. The time discretization is handled by explicit Runge-Kutta

methods or implicit diagonalized approximate factorization. The implicit method

allows a bigger time step or higher CFL number, and therefore faster convergence rate

than the explicit method. A multigrid method is also available to further improve

the convergence rate. The ability to handle complex geometries is achieved using a

multiblock technique. This allows the user to decompose the computational domain

into several blocks, avoiding the difficulty of generating complex geometries using the

single-block approach.

All numerical schemes used for obtaining solutions to the Euler equations must

contain a certain level of dissipation to (1) prevent odd-even point decoupling, (2)

28
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maintain stability at discontinuity regions (i.e., shock waves), and (3) eliminate non-

physical solutions such as expansion shocks. The dissipation may be explicitly added

on top of a naturally nondissipative scheme such as pure central differencing schemes,

or it may arise naturally from the spatial discretization such as in the upwind differ-

encing schemes.

Because of the excellent capabilities in capturing strong gradients, such as the ones

occurring in complex 3-D supersonic internal flows, a second order upwind scheme

was the chosen and appropriate scheme for the present calculations. We choose the

option of using the upwind scheme based on Roe's approximate Riemann solver and

the van Leer flux limiter.

An implicit scheme was selected since these schemes allow much larger time steps,

which is critical for viscous-flow calculations. However, the computational effort re-

quired in each time step can become large, especially in complex 3-D viscous calcula-

tions. To help remedy this situation a multigrid method is used. The greatest benefit

of using this method is that the convergence rate remains constant, independent of

the mesh spacing. An explicit scheme is not recommended to calculate the present

flow field, since the time step required to attain stability can reach very small values,

and consequently can be very expensive.

A total of twelve boundary conditions were imposed on the two-block grid. At

the inlet, the variables were held fixed at prescribed values. At the outlet, zeroth-

order extrapolation was used for the flow variables. The top and bottom boundaries

were treated as periodic boundary conditions. The strut walls were treated as no-slip

surfaces for the viscous simulations, and the side walls were treated as slip walls for

all cases.

In the appendix, the following studies are included:

• Convergence and mesh-sensitivity studies of the LARCK code for inviscid and

viscous non-reacting flows.

• Comparison of the viscous solutions using different turbulence models and

Reynolds numbers for attached and separated flows.
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• Consistency check of the LARCK code with a 3D Euler code developed at

Syracuse University.

Scramjet Strut Model Geometry

In the preliminary investigations reported in the paper by Campuzano & Dang (1995),

the following dimensions were used:

1. Aspect ratio, H/c = 0.5

2. Maximum thickness-to-chord ratio, tmax/c = 0.096

3. Spacing-to-chord ratio, s/c = 0.24

These dimensions are representative of the NASA-LaRC engine configurations. In this

chapter, the problem was simplified by not simulating the flowfield for the entire strut,

but only for a half-wavelength lobe (i.e. periodicity condition in the z-direction - see

Fig. 1.1) with a camber angle at the trailing edge of twelve degrees, and symmetric

boundary conditions were imposed in the y-direction. Slip-wall boundary conditions

were employed in the z-direction. The new dimensions for this case are:

1. Aspect ratio, H/c = 0.25

2. Maximum thickness-to-chord ratio, tmax/c = 0.1

3. For the single strut case, s/c = 0.4 (s is the spacing between the side walls)

Viscous Turbulent-Flow Calculation

The molecular viscosity was calculated using the Sutherland law. The laminar and

turbulent Prandtl numbers chosen were 0.72 and 0.9 respectively. The two-equation

model of Menter was used for the calculations along with the compressibility correc-

tion of Sarkar and a Reynolds number of one million based on the strut chord. A

multigrid scheme was also used with a V cycle. Implicit time integration was applied

using CFL numbers up to 4.
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To meet viscous sublayer requirements, grid clustering was applied along all no-

slip surfaces (i.e. along the strut surface). The formula used to calculate the boundary

layer thickness was the common incompressible turbulent flow formula found in com-

mon classic introductory fluid mechanics books, namely:

5 0.37
n m

!

c Re_
(3.11)

The Reynolds number is one million, so the boundary layer thickness at the trailing

edge is 5 = 0.02335 for a chord of unit length. To find the minimum distance to the

wall, the following criteria was selected (based on the u + - y+ graph):

5
- 0.01 Aymi= = 0.015 = 0.0002335 (3.12)

5OO

The first grid point from the wall is at y = 0.0001, the second is at y = 0.00023, the

third, at about y = 0.0005, the fourth at y = 0.00095, the fifth at y = 0.0018.

For the buffer zone:

10
y+ = 10 - 0.02

5OO
Aym_ = 0.025 = 0.000467 (3.13)

30
y+ = 30 --= 0.06 Aym_n = 0.065 = 0.0014 (3.14)

500

So, about two points are inside the viscous sublayer zone, and about two in the buffer

zone. The remaining are distributed along the wall to strut plane.

3.1 Inviscid and Viscous Results without Flow Sep-

aration for the Lobed-Mixer Strut

In this section a comparative study of the influence of viscosity on streamwise vorticity

generation, convection, and dissipation is carried out. The inlet Mach number is taken

to be 2. Figure 3.22 shows the pressure contour along the J=l plane. At this location,

the strut has the maximum camber and consequently the maximum penetration and
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circulation. The figure illustrates that the overall flowfield between the inviscid and

the viscous solutions are very similar since viscous effects are isolated to thin boundary

layers along the strut surfaces.

Figures 3.23 and 3.24 shows the axial distribution of the momentum-averaged

spanwise velocity and momentum-averaged crossflow-velocity. From the inlet to the

50% chord location, the inviscid and viscous cases have zero spanwise velocity. In

this region the two flowfields are nearly two-dimensional, and the crossflow velocity

is composed primarily of the transverse z-component velocity acquired by the flow

as it crosses the oblique shock system. From these two figures, we note that the

z-component velocity is higher for the viscous case than for the inviscid case. This

difference is due to the stronger oblique shock at the leading edge for the viscous

case due to the presence of a boundary layer which increases the effective wedge

angle at the leading edge. After the 50% chord location, both cases show a similar

behavior in spanwise velocity magnitude, with the viscous case showing a slightly

less magnitude. The appearance of the spanwise velocity indicates that the flow is

now three-dimensional (Fig. 3.23), with viscous effects reducing the magnitude of the

spanwise velocity slightly.

The crossflow velocity magnitude is about 9% and 8.2% of the freestream velocity

at 50% chord downstream, for the inviscid and viscous cases, respectively. The higher

magnitude for the inviscid case is attributed to the higher loading along the strut

surface as can be seen from figure 3.25. This higher loading will result in higher lift

or circulation. The cross-velocity vectors at the outlet are shown in figure 3.26. It

can be seen that the strength of the vortex is similar for both cases.

Figure 3.27 shows the axial distributions of the secondary-flow circulation from

the inlet to the outlet. The circulation for the forward half of the strut is nearly zero

for both cases, thus zero lift or no secondary flows are present. After the midchord,

the circulation increases up to the trailing edge due to the spanwise pressure gradient

generated by the lobe strut. We note that the definition of secondary-flow circulation

is slightly different from the definition given in Eq. (2.4). Here, the circulation in the

strut region is taken along a path that includes the strut. Hence it includes includes
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the bound vortex system. This explains why the circulation is non-zero in the strut

region.

Two important things can be noticed here. First, as a result of a slightly higher

strut loading for the inviscid case, it is expected that the secondary flow magnitude

will be higher for the inviscid case. This is confirmed by the figures presented so far

(i.e. Figs. 3.23 and 3.27). Second, viscosity plays little role in the generation of the

streamwise vorticity, it is purely an inviscid phenomena. In the case of non-separated

flow, viscosity introduces blockage into the flowpath, causing a reduction in the strut

loading, and therefore slightly affects the strength of the secondary flow. In summary,

this section demonstrates that viscous effects are not important when flow separation

is absent.

3.2 Inviscid and Viscous Results with Flow Sepa-

ration for the Lobed-Mixer Strut

In this section, results are presented for an inflow Mach number of 3. In this case,

flow separation occurs along the strut suction surface, as can be seen in figure 3.28.

The flow separates at the trailing edge portion of the strut as a result of the shock

impingement on the strut. In general the inviscid and viscous solutions are similar on

the pressure side of the strut, while the solutions on the suction side are quite different

(Figs. 3.29 and 3.30). In particular, the strut trailing edge shock is stronger for the

inviscid case. On the other hand, in the viscous case, the shock wave is weakened

considerably due to the strong separation zone occurring on the strut suction surface,

as can be seen from figure 3.29.

Figure 3.30 shows the comparison of the pressure distribution along the strut

surfaces at the maximum camber station (J=l). Note that the viscous and invis-

cid solutions predict nearly the same pressure distribution along the pressure surface

where the flow is attached, while the solutions are very different along the suction

surface where the flow separates. Figure 3.30 shows that the presence of a large sep-

arated flow region in the viscous-flow case dramatically reduces the loading along the
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strut. Consequently, it is expected that the viscous flow case produces less secondary

flow than the inviscid case, as will be discussed shortly. Figure 3.31 shows the entropy

at the outlet. The entropy level is much higher in the viscous case than the inviscid

case, indicating that losses associated with shock waves are much smaller than vis-

cous losses. The high-loss regions at the top and bottom boundaries correspond to the

separated-flow regions. The high-loss regions near the mid-section are associated with

the wake behind the attached-flow section of the strut (and some numerical entropy

generated by the vortex sheet). Figure 3.32 shows comparison of the secondary flow

velocity vectors for the viscous and inviscid cases. The two secondary flow patterns

are relatively different when compared the the Mach-2 freestream case (see Fig. 3.26).

Figures 3.33 and 3.34 show the axial distribution of the momentum-averaged span-

wise velocity and momentum-averaged crossflow-velocity. From the inlet to the 50%

chord location, the inviscid and viscous cases have zero spanwise velocity. In this

region the two flowfields are nearly two-dimensional, and the crossflow velocity is

composed primarily of the transverse z-component velocity acquired by the flow as

it crosses the oblique shock system. Again, the viscous solution indicates that the

leading-edge shock is stronger for the viscous case than for the inviscid case due to the

presence of the boundary layer which increases the effective wedge angle at the leading

edge. After the 50% chord location, both cases show a similar behavior in spanwise

velocity magnitude, with the viscous case showing considerably less magnitude. The

appearance of the spanwise velocity indicates that the flow is three-dimensional.

The crossflow velocity magnitude is about 14% and 12% of the freestream velocity

at the outlet (50% chord downstream) for the inviscid and viscous cases, respectively.

It is also noticed that the z-component (transverse) velocity is higher for the vis-

cous case from the leading edge of the strut to the mid chord. This is due to the

leading edge shock angle been higher for the viscous case, as the incoming flow sees

the boundary layer formed along the strut surface. The spike present at the strut

midchord in the crossflow velocity (Fig. 3.34) for the inviscid case appears to be

attributed to numerical errors. The spike is not present in the momentum-averaged

spanwise velocity plot shown in Fig. 3.33. It is present in the momentum-averaged
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transverse velocity plot shown in Fig. 3.37. This indicates that the error is associated

with the expansion fan at the mid chord location, and the error is probably dispersive

in nature.

Figure 3.35 shows the axial distributions of the secondary-flow circulation from

the inlet to the outlet. The secondary-flow circulation for the forward half of the strut

is nearly zero for both cases. After the midchord, the circulation increases gradually

up to the trailing edge. The secondary-flow circulation is much larger for the inviscid

case than for the viscous case, as expected. In the viscous case, the flow separation

region reduces the lift and accounts for the reduction in secondary flow. The drop in

secondary-flow circulation behind the strut for the inviscid case is explained in the

next section.

In summary, this section demonstrates that viscous effects are extremely impor-

tant when flow separation occurs. Flow separation can reduce the lift of the strut

and hence a reduction in secondary flow.

3.3 Effect of Mach Number for Inviscid Flow

The effects of Mach number on the strength of the secondary flow are examined

here by comparing the Mach-2 and Mach-3 cases presented in the previous sections.

To carry out this task, we examine the inviscid-flow solutions so that the effects of

flow separation on the generation of secondary flow are isolated. Comparisons of

the spanwise (Fig. 3.36), transverse (Fig. 3.37), and crossflow (Fig. 3.38) velocities

behind the strut show that the strength of the secondary flow for the Mach-3 case is

much higher than for the Mach-2 case. Inspection of the strut pressure loading shows

that the lift produced by the Mach-3 case is indeed twice larger than the Mach-2 case

(Fig. 3.39), which correlates with the axial distribution of secondary-flow circulation

shown in Fig. 3.40.

In Fig. 3.40, it is interesting to note that there is a drop in secondary-flow cir-

culation for the Mach-3 case behind the strut, while this quantity is conserved for

the Mach-2 case. Based on the theory of inviscid flow, we expect the circulation of

the trailing vortex system to be conserved behind the strut! Figures 3.41 and 3.42
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show the axial vorticity field at 10%- and 25%-chord behind the strut trailing edge.

The figure shows that the axial vorticity is minimum at the maximum-lift section

(i.e. bottom or J=l station) and reaches the maximum at the zero-lift section (i.e.

midspan or J=21 station). We then track the streamlines leaving the strut trailing

edge at 3 spanwise stations (Figs. 3.43-3.45). These streamlines are representative

of the trailing-vortex system. These figures clearly show that at the J=ll station

(Fig. 3.44) where the axial vorticity is non-zero, the trailing-edge streamline shifts

significantly in the z direction. Since the secondary-flow circulation is defined as

we conclude that the magnitude of the secondary-flow circulation is reduced by an

amount proportional to cos(0), where 0 is the angle formed between the x-axis and the

trailing-edge streamline. Figures 3.43-3.45 clearly show that the angle 0 is invariant

for the Mach-2 case, while it increases with streamwise distance from 0 ° to around

30 ° for the Mach-3 case (Fig. 3.43 and 3.44). Hence, the secondary-flow circulation

is conserved behind the strut for the Mach-2 case, while it decreases for the Mach-3

case. A reduction from 0.28 to 0.22 for the Mach-3 case as shown in Fig. 3.40 suggests

that 0 should change from 0 ° to 35 °, which is a little larger than what is shown in

Figs. 3.43 and 3.44. This can be explained by the fact that the streamline distortion

in the y-direction can also contribute to this reduction.

3.4 Baseline vs Lobed-Mixer Strut

In this section, we compare the baseline and lobed-mixer viscous solutions. The

comparisons are made for the Mach-2 case where flow separation is absent.

Figure 3.46 shows the pressure contour at the J=l station where the camber (or

circulation) is highest for the lobe-mixer geometry. Figure 3.47 shows the pressure

along the strut surface at J=l. It can be observed that the baseline case has zero lift

and therefore no generation of secondary flows, and the lobed mixer case is charac-

terized by the generation of lift and therefore secondary flow circulation is generated.
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Figure 3.48 shows the cross-flow velocity vectors at the outlet axial plane. It

is clearly seen that the flow is two-dimensional in the baseline case, whereas the

lobed-mixer case produces streamwise vorticity concentrated at the zero-lift span-

wise station. Figure 3.49 shows the axial distributions of the momentum-averaged

spanwise velocity. From the inlet to the 50% chord location, the baseline and lobed-

mixer cases have zero spanwise velocity. In this region the two flowfields are nearly

two-dimensional. After the 50% chord location, the spanwise velocity increases sig-

nificantly for the lobed-mixer case while the spanwise velocity for the baseline case

remains near zero. This increase in spanwise velocity for the lobed-mixer case indi-

cates that the flow is three-dimensional.

Figure 3.50 shows the axial distribution of the secondary-flow circulation. The

figure shows that the baseline case has zero axial vorticity while the circulation for

the lobed-mixer case increases due to the strong streamwise vorticity generation.

Figure 3.51 shows the loss in total pressure for the two cases. This figure shows that

the loss for both cases is nearly the same up to the trailing edge, indicating that the

additional shock loss due to strut cambering is insignificant! In the region behind

the strut, the stagnation pressure loss is larger for the lobed-mixer than the baseline

geometry (about 17% percent higher at the outflow boundary). This increase in loss

is due to the stronger shock near the trailing edge for the lobed-mixer case, and to

the viscous dissipation of the secondary flow (or mixing loss).

FSeC

D

Apo

baseline lobed-mixer

0.00 0.058

0.000 0.139

-0.618 -1.006

2.99 3.43

Table 3.4: Performance parameter results (APo and D in %)

Table 3.4 summarizes the performance parameters obtained from the numerical

solutions. It clearly shows that the lobed-mixer produces significant secondary flows
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at 50% chord downstream, more than an order of magnitude when compared to the

baseline case. In terms of drag penalty, the stream thrust loss in the baseline case is

0.62%, while the stream thrust loss in the lobed-mixer is 1.0%. Finally, the change

in total pressure is 3.0% for the baseline and 3.43% for the lobed-mixer case.
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Comparison of EuledNavier-Stokes
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Figure 3.22: Pressure contour at the J=l plane.

0.06

._z-

-_ 0.04

¢1
(/)

"_

o_

"_ 0.02

¢1

E

"_ 0.00

-0.02 . , I , , , , 1 , , , , I , , = , I

0.0 0.5 1.0 1.5
LE axial location TE

Figure 3.23: Comparison of spanwise velocity for inviscid and viscous cases.



CHAPTER 3. SINGLE STRUT WITH WALLS 4O

0.10 -

._ 0.08 -

>

0.06 -
o

_ 0.o4 -

E

e-

0.02 -

0.00

0.0
LE

A

0.5 1.0 1.5

axial location TE

Figure 3.24: Comparison of momentum-averaged crossflow velocity for inviscid and

viscous cases.
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Figure 3.25: Pressure along strut surface at J=l.
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Comparison of EuledNavier-Stokes
Cross-velocity vectors at I=161 (at outlet)
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Figure 3.26: Cross velocity vectors at outlet.
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Mesh sensitivity study for Viscous solution

Separation region close-up for 160x40x80 z

x_A

Figure 3.28: Separation region close-up.
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Figure 3.29: Comparison of pressure contour at J=l.



CHAPTER 3. SINGLE STRUT WITH WALLS 43

1.5

.1

t.0
==
-I

EL

0.5

Figure 3.30:

Comparison of EuledNavier-Stokes

160x40x80

!
I

Euler

N-S

J=l

i I i i i

0.0

. I i I

0.5 1.0 1.5

x-location

Comparison of pressure along strut surface at J=l.

Comparison of EuledNavier-Stokes

(50% chord downstream) 1 60x40x80

:::::::::::::::::::::::::

Inviscid Viscous

I............t.:.:.:.:.:.:._-'.-..'.-.:._ :::Entropy I :::::::: ::::::: :'::::'::::
.0_566 -0.522 .0.477 -0.433 .0.389 -0+344 -0.300

Figure 3.31: Comparison of entropy at outlet.
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Comparison of Euler/Navier-Stokes
Cross-velocity vectors at I=161 (at outlet)
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Inviscid Viscous

Figure 3.32: Comparison of cross-velocity vectors at outlet.
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Figure 3.34: Comparison of momentum-averaged crossflow velocity.
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Figure 3.38: Comparison of momemtum averaged crossflow velocity.
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Figure 3.39: Comparison of pressure along strut surface at J=l.
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ng edge.
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Figure 3.42: Comparison of axial vorticity contour at 25%-chord behind strut traili

ng edge.
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Figure 3.43: Comparison of streamlines at J=l.
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Figure 3.44: Comparison of streamlines at J=ll.
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Figure 3.45: Comparison of streamlines at J=21.
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Figure 3.46: Pressure contour at J=l.
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Chapter 4

Conclusions and Remarks

A computational study was carried out to study the feasibility of using lobed-mixer

struts to enhance fuel/air mixing in scramjet engines. The NASA baseline and lobed-

mixer struts were first analyzed using an Euler turbomachinery code for a cascaded

configuration. Several geometrical configurations were tested for the lobed-mixer,

including variations of camber geometry and lobe wavelength and amplitude. A strut

with a camber angle at the trailing edge of 12 degrees was chosen for detailed analysis.

This particular case was chosen to prevent choking due to flow blockage. Results for

two lobes and a camber angle of 12 degrees were very encouraging, revealing strong

generation of secondary flows in the flow passage between and behind the struts. For

example, the cross-flow velocity magnitude at 50% chord downstream was roughly

10% of the inlet velocity. This gain in secondary flows was achieved with a relatively

small loss in drag and total pressure. The loss in stream thrust was 0.31% and

0.77% for the baseline and lobed-mixer respectively, and the loss in total pressure was

3.31% and 4.44% for the baseline and lobed-strut respectively. Furthermore, the wake

penetration at 50% downstream of the strut trailing edge was significant, suggesting

that fuel injection from the strut can penetrate substantially into the airstream.

The second phase of this work was carried out to assess the importance of viscous

effects. The newly-developed NASA LARCK code was used for this investigation.

The LARCK code is a Reynolds-Averaged Navier-Stokes (RANS) Computational

Fluid Dynamics (CFD) code developed for high-speed reacting flows. Therefore, it is

54
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an appropriate code to simulate the cases studied here.

The configuration studied with LARCK was for a single strut with side walls. The

NASA baseline and a lobed-mixer strut with a half-wavelength lobe and a trailing edge

camber angle of 12 degrees were studied. For an inflow Mach number of 2, the flow

does not separate from the strut. The attached boundary layer introduces blockage

into the flowpath, which causes a reduction in strut loading and therefore affects

the strength of the secondary flow when compared to the Euler solution. However,

the decrease in secondary flow due to viscosity is minimal, suggesting that viscous

effects are not important when flow separation is not present. For an inflow Mach

number of 3, flow separation occurs as the reflected shock from the wall impinges on

the strut suction surface near the trailing edge. For this case, it was found that the

pressure loading was reduced significantly when compared to the Euler solution, and

consequently the strength of the secondary-flow is decreased substantially.

The effects of the Mach number for inviscid flow was studied. Results reveal that

the strength of the secondary-flow was significantly higher for the Mach-3 case than

for the Mach-2 case. This is due to a larger pressure loading along the strut for the

Mach-3 case (almost twice of the Mach-2 case). Consequently, for supersonic flows,

the strength of the secondary flow is a strong function of the Math number.

Comparisons of the RANS solutions for the NASA baseline case and the hyper-

mixer lobed strut demonstrated that the lobed strut produced significant secondary

flows, while the baseline case is essentially two-dimensional. The comparison was

made at a Mach number of 2, where flow separation is absent. At this flow con-

dition, the results are very similar to the Euler calculations, indicating that the

secondary-flow generation mechanism is essentially an inviscid phenomenon. The

gain in secondary flows for the lobed strut was achieved with a small increase in drag

and stagnation pressure loss. The loss in stream thrust was 0.62% and 1.0% for the

baseline and lobed-mixer respectively, and the loss in total pressure was 3.01% and

3.43% for the baseline and lobed-strut respectively.

From the results several points can be stated.

• The streamwise vorticity is generated by a variation in aerodynamic loading
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along the span of the lobed mixer strut. The strength of the streamwise vorticity

is dependent on the loading of the strut - the higher the loading, the higher the

strength of the axial vorticity (Kutta-Joukowsky theorem).

Viscosity slightly affects the strength of the streamwise vorticity by the intro-

duction of flow blockage, causing a slight decrease in pressure loading along the

strut (for non-separated flows).

For subsonic flow, the work at United Technologies Research Center (UTRC)

demonstrated that the circulation of the shed vorticity is proportional to the

camber angle. For supersonic flow, we found that the streamwise circulation is

also a function of Mach number (or separation distance between the strut and

the wall).

Finally, preliminary experiments were carried out to verify the effectiveness of

the proposed lobed mixer concept. The tests were performed by Prof. Dimitri Pa-

pamoschou at the University of California Irvine using the UCI Supersonic Shear

Layer facility. The tests were carried out at freestream Mach numbers of 1.5 and 2.0.

Flow visualizations confirmed the existence of large-scale/strong secondary-flows up

to several lobe wavelengths downstream of the lobe. In these tests, no measurements

were taken to quantify losses. The test results are briefly summarized in Appendix

A.



Appendix A

Convergence and mesh sensitivity studies for inviscid and viscous cases are included

here, along with the effects of Reynolds numbers and two different turbulence models.

A.1 Inviscid Case

A.I.1 Convergence Study

The size of the mesh used in this study has the following dimension: 113 points in

the axial direction (x), 21 points in the spanwise direction (y), and 41 points in the

wall to wall direction (z). See figure A.52.

In this subsection a convergence study is carried to determine the minimum order

of magnitude drop required to obtain a converged solution. The orders of magnitude

studied include 2, 3, 4, and 5 orders of magnitude. The solutions converged to a

satisfactory level before 5 orders of magnitude, and therefore 5 orders was not included

in this study. Figure A.53 shows the convergence history graph for this solution.

The J=10 spanwise location was selected for inspection of the pressure along the

strut surface as shown in figure A.54. It can be easily concluded that 2 orders of

magnitude is not a satisfactory level of convergence. The difference in 3 and 4 orders

of magnitude is unnoticeable, therefore 3 orders of magnitude is an optimal choice for

a converged solution. Other flow variables were also examined at different J locations,

however the figures presented here are the ones with larger differences in numerical

flow values.

57
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A.1.2 Mesh sensitivity Study

In this study three different mesh sizes are used: l12x20x40 (89,600 cells), 144x24x52

(179,712 cells), and 176x32x64 (360,448 cells). Figure A.55 shows the convergence

history for the three flow solutions.

Figures A.56 and A.57 show the entropy contour plots at the strut trailing edge

plane and at the 50% chord plane downstream of the strut. This figures also represent

the location of the trailing vortex shed or "wake". As expected, the wake is thinnest

using the fine mesh and thickens as the mesh size is reduced. However, the important

thing to note is that the wake-distortion prediction of the three meshes are the same.

Figures A.58 show detailed plots of the pressure along the strut surface at the

J=l location (bottom). These figures indicate again that the coarse mesh solution is

slightly different from the other solutions, while the differences for the medium and

fine mesh are difficult to notice.

From this study, it is concluded that all three meshes predict the qualitative

description of the flowfield of interest to us (i.e. wake distortion and secondary-flow

magnitude) to be the same. It is concluded that the medium-size mesh (144x24x52)

is a good mesh for engineering flow calculations.

A.2 Viscous Case

A.2.1 Convergence Study

Figures A.59 and A.60 show the computational grid and the convergence history for

the viscous calculations.

Figures A.61 shows the pressure along the strut surface at the J=l spanwise

locations for 2.0, 2.5, and 3.5 orders of magnitude. The solution shows insignificant

differences for 2.5 and 3.5 orders whereas for 2.0 orders the solution shows a significant

change. From the above results, it can be said that around 3.0 orders is needed for a

converged solution.
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A.2.2 Mesh Sensitivity Study

In this study three different mesh sizes were used, namely 144x32x64 (294,912 cells),

160x40x80 (512,000 cells), and 176x48x96 (811,008 cells).

In Figs. A.62 and A.63, the pressure also shows little variation over mesh size.

The strut T.E. shock shows some small variation in strength as the size of the grid is

increased. Meaning that a higher value of pressure can be noticed for the fine mesh,

over the coarse and medium meshes, but the change is not critical.

Figures A.64, A.65, A.66, and A.67 show velocity-vector plots along the strut

surface at the spanwise location where flow separation is most pronounced. Overall,

all three meshes predict the presence of flow-separation regions along the suction

sections of the strut surface. The coarse mesh predicts a slightly larger separated

region than the other two meshes.

From this study, we conclude that all three meshes predict the qualitative de-

scription of the flowfield of interest to us (i.e. wake distortion and secondary-flow

magnitude) to be the same. It is interesting to note that all three meshes were able

to predict large separated flows consistently. We conclude that the medium-size mesh

(160x40xS0) is adequate for our viscous-flow calculations.

A.3 Effect of Reynolds Number

Two Reynolds numbers were tested, 1.0xl06 and 1.0xl07. Figure A.68 shows the pres-

sure along the strut surface. This figure shows that the higher Reynolds-number case

produces more lift than the lower Reynolds-number case, suggesting that the former

case will result in stronger shed vorticity. Inspections of the flow solutions reveal that

the flow-separation regions are reduced as the Reynolds number is increased.

Figure A.69 illustrate the static pressure contours, indicating that the trailing-edge

shock is stronger for the 1.0x107-Reynolds number case than the 1.0x106-Reynolds

number case.

Figures A.70 and A.71 illustrate the velocity profiles near the strut surface. The

figures show a clear separation of the boundary layer. They also reveal that for the
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lower Reynolds number, separation occurs earlier, and the different thickness of the

viscous layers can be noticed immediately.

A.4 Effect of Turbulence Model

Two recently developed state-of-the-art turbulence models available in the LARCK

code were tested, namely the two-equation model of Menter (NASA-ARC) and the

Reynolds stress model of Gatski and Speziale (NASA-LaRC).

Figure A.72 indicates that the Gatski-Speziale model predicts a lower lift on the

strut, suggesting that the intensity of secondary flow is lower. Figure A.72 also in-

dicates that the two models predict nearly the same solutions for unseparated flows

(i.e. pressure side of strut). Figures A.73 and A.74 show large differences in velocity

profiles near the strut surface. The separation for the Menter case occurs very late,

and the amount of flow separation is significantly reduced to about 2/3 the physi-

cal size with respect to the Gatski-Speziale case. Figures A.75-A.78 show plots of

cross-flow velocity vectors. These figures show that overall velocity fields are similar.

However, Figs. A.75 and A.76 indicate that the Gatski-Speziale model predicts the

presence of secondary streamwise vortices along the suction sides of the strut (i.e. in

the separated flow regions), where as the Menter model predicts much weaker sec-

ondary streamwise vortices at the strut trailing edge. These differences are probably

due to the differences in size of the predicted separated-flow regions by these two

models.

A.5 Comparison of LARCK code and 3D Euler

code for turbomachines

In the AIAA paper no. 95-2449 entitled "Numerical Study of Lobed-Mixer Fuel-

Injection Strut in Scramjet Engine," a 3D Euler code developed for turbomachines

is used to assess the effectiveness of this hypermixer concept. This Euler solver

employs the original finite-volume Runge-Kutta time-stepping scheme proposed by
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Jameson et al. for transonic flows in 1981. The algorithm is equivalent to a central-

difference scheme with added scalar artificial viscosity on a uniform rectangular mesh.

Consequently, this is not an algorithm of choice for supersonic flows with strong shock

waves. Nevertheless, since we already carried out inviscid flow simulations with this

code, we have run the LARCK code on the same grid to check the results.

Figures A.79 and A.80 show a comparison of the pressure field on the J=l plane,

and Fig. Overall, the two codes agree very well. As expected, the upwind TVD

algorithm of LARCK yields much better shock calculation than our Euler code (i.e

low level of oscillations in the LARCK solution).

Figures A.81 and A.82 show predictions of the spanwise velocity Vy at the trailing-

edge and outflow axial planes, respectively. This figure indicates that the overall level

of spanwise velocity agrees very well at the trailing edge (about 10% of freestream

velocity), while the LARCK code predicts a slightly lower level of spanwise velocity

at the outflow boundary (about 7% of freestream velocity).

A.6 Preliminary Experimental Test Results

Preliminary experimental verification of the proposed lobed mixer concept was car-

ried out. The tests were performed by Prof. Dimitri Papamoschou at the University

of California Irvine in the Supersonic Shear Layer Facility shown in Fig. A.83 [17].

Figure A.84 shows a 3D view of the lobed mixer strut in the test section. A super-

sonic airstream enters the test section on the upper side of the lobed mixer, while

a air/acetone mixture enters the test section on the lower side at the same Math

number. Flow visualizations were carried out at constant axial planes at different

downstream locations. Figure A.85 clearly shows the presence of a large-scale vortex

(clockwise direction) which displaces fluids from the upper stream toward the lower

test section and vice-versa at several crossflow planes for the Mach-l.5 case. Figure

A.86 shows similar results for the Mach-2 case. Figure A.87 shows the baseline and

lobed-mixer comparisons for the Mach-2 case. The figure reveals the formation of

a vortex for the lobed-mixer case several lobe wavelengths downstream of the strut
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trailing edge. The baseline case clearly doesn't generate any streamwise vorticity, and

the mixing process is predominantly two-dimensional (i.e. shear-induced mixing with

normal vorticity). In this preliminary work, no detailed measurements were carried

out to quantify flow separation and losses. However, static pressure measurements

downstream of the lobe confirmed that the flow did not choke in the test section.
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Mesh sensitivity study for Euler solution
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Figure A.52: Mesh used for Euler convergence study
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Figure A.53: Convergence history
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Mesh sensitivity study for Euler solution
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Figure A.56: Entropy at strut T.E.
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Convergence history- 144x32x64
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Figure A.60: Convergence history

1.3

1.2

1,1

= 1.0
==

__ 0.9

0.8
O_

n 0.7 q

0.6

0.5

0.4

Viscous Turbulent solution (144x32x64 mesh)

convergence study

!

_-_2 orders

-----*---- 2.5 orders

3.5 orders

I I I i I * l I .... I

0,0 0.5 1.0 1.5

x-location

Figure A.61: Pressure along strut surface



APPENDIX A.

1.621

160x40xSO 1.506

1390

1275

1,160

1.045

0,029

0,814

0.699

176x48x96 o se4

0,468

0.353

Mesh sensitivity study for Viscous solution
J=l z

144X32X6: _..._

Press,

1.736

Figure A.62: Pressure at J=l plane

68

I
1.8

1.6

1.4

_o
1,2

1,0

O- 0.8

0,6

0.4

L
"l'=

_I
144x32x64

160x40x80

176x48x96
J=l

I ! I I

0.0

Mesh sensitivity study for viscous solution

I

0.5 1.0 1.5

x-location

Figure A.63: Pressure along strut surface



APPENDIX A. 69

Mesh sensitivity study for Viscous solution
Separation region J=l

Z

160x40x80

176x48x96

Figure A.64: Velocity vectors

Mesh sensitivity study for Viscous solution

Separation region close-up for 144x32x64 z

Figure A.65: Velocity vectors close up - 144x32x64
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Mesh sensitivity study for Viscous solution

Separation region close-up for 160x40xSO z

Figure A.66: Velocity vectors close up - 160x40x80

Mesh sensitivity study for Viscous solution
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Figure A.67: Velocity vectors close up - 176x48x96
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Effect of Reynolds N umber
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Figure A.70: Velocity vectors at J=l
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Figure A.71: Velocity vectors at J=l
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Effect of Turbulence model
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Figure A.72: Pressure along strut surface
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Effect of turbulence model

Mesh 160x40xS0 J=l
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Figure A.73: Separation region close-up at J=l

Effect of turbulence model
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Figure A.74: Separation region close-up at J=l
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Effect of Turbulence M odel

Cross-velocity vectors at I=117
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Figure A.75: Cross-velocity vectors at strut T.E. - I=117

Effect of Turbulence Model

Cross-velocity vectors at I=134
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Figure A.76: Cross-velocity vectors at I=134
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Effect of Turbulence Model
Cross-velocity vectors at I=147
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Figure A.77: Cross-velocity vectors at I=147

Effect of Turbulence M odel

Cross-velocity vectors at I=161
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Figure A.78: Cross-velocity vectors at outlet - I=161



NAPPE_ DIX A. 77

AIAA 95-2449 solution
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Figure A.81: Spanwise velocity, at strut T.E.
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UCl SUPERSONIC TURBULENCE LABORA TORY

Supersonic Shear Layer Facility
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Figure A.83: Supersonic shear layer facility at UCI.
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SUPERSONIC LOBE MIXING EXPERIMENTS
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Figure A.84: 3D view of the lobed mixer strut in the test section.

MACH 1,5 LOBE MIXER EXPERIMENTS
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Figure A.85: Experimental results for Mach 1.5 lobe mixer case.
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MACH 2,0 LOBE MIXER EXPERIMENTS

Figure A.86: Experimental results for Mach 2.0 lobe mixer case.

MACH 2.0 WITH AND WITHOUT LOBE MIXER

Figure A.87: Experimental results for Mach 2.0 lobe mixer and baseline cases.
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